Fine-tuning chemistry by doping with transition metals enables new perspectives for exploring Kitaev physics on a two-dimensional (2D) honeycomb lattice of α-RuCl3, which is promising in the field of quantum information protection and quantum computation. The key parameters to vary by doping are both Heisenberg and Kitaev components of the nearest-neighbor exchange interaction between the Jeff = ½ Ru 3+ spins, depending strongly on the peculiarities of the crystal structure. Here, we successfully grew single crystals of the solid solution series Ru1−xCrxCl3
Introduction
A critical aspect for advancing knowledge and practical applications of complex materials is the ability to control their electronic properties via chemistry routes. Chemical doping, when the substituting atoms become an integral part of the electron system, is a powerful tool to trigger and vary electronic interactions at the atomic level, which makes it especially advantageous for 2D systems, for example, 5d and 4d oxides and halides hosting new types of magnetic ground states and excitations, such as Kitaev spin liquids 1 . The latter stimulated great interest due to their potential to protect quantum information 2 , 3 or to provoke the emergence of Majorana fermions. 4 , 5 , 6 Due to peculiarities of the crystal structure, α-RuCl3 is currently under consideration as a candidate for a Kitaev−Heisenberg system describing the competition of bond dependent magnetic exchange interactions in a honeycomb lattice structures. 1 α-RuCl3 consists of very weakly bonded layers of edge-sharing RuCl6 octahedra with the central Ru 3+ (4d 5 ) ions forming an almost ideal honeycomb arrangement, which is essential for the Kitaev−Heisenberg model. The stacking sequence of the layers may differ depending on synthesis conditions which lead to the symmetry lowering observed in X-rays and neutron diffraction measurements. 7 , 8 , 9 , 10 , 11 Single crystals of α-RuCl3 with minimal stacking faults are seen to consistently exhibit a monoclinic unit cell (space group C2/m) 12 corresponding to a stacking of layers similar to those in AlCl3 13 or iridates 14 , 15 (ABAB stacking).
So far, little is known experimentally about the nature of the phases that derive from chemical doping of α-RuCl3. Very recently the series Ru1−xIrxCl3 has been investigated on crystals and polycrystalline samples. 16 Low-spin 5d 6 Ir 3+ may be considered as a non-magnetic impurity in the Jeff = 1/2 Ru 3+ magnetic sublattice while the identical ionic radii of Ru 3+ and Ir 3+ should preserve a regular MCl6 environment. Interestingly, iridium doping does not lead to complete magnetic order suppressing although the Neel temperature is found to be shifted towards lower temperatures with increasing dopant content. Neutron diffraction experiment reveal Ru1−xIrxCl3 crystals to exhibit the same magnetic Bragg peaks as disordered large crystals of α-RuCl3, corresponding to a mixture of ABAB and ABCABC stacking periodicity. 16 Moreover, the volume fractions of these phases vary from one sample to the next. Other mixed-metal trihalides Ru1−xMxCl3 have received little attention in this respect so far.
The crystal structure of the layered monoclinic transition metal trihalides can be regarded as a distorted variant of the anionic hexagonal close-packing with 2/3 of the octahedral voids filled by the transition metal cations in every second layer. The deviation from the ideal structure is typically described by two criteria -the dislocation of the metal atom layers from the perfect hexagonal net and the perturbation of the dense anionic close-packing. The former can be caused by emergence of intra-layer metal-metal interactions, whereas the latter is related to polarization of anions by the highly-charged transition metal cations. According to these criteria, the crystal structures of CrCl3, AlCl3, IrCl3 and RhCl3 are most closely related to α-RuCl3.
The Ru1−xMxCl3 (M = Cr, Ir, Rh) compounds were prepared for the first time more than 20 years ago by deposition from the gas phase. 17 , 18 The series of chromium doped crystals were used as a model system for the direct determination of the dopant content in the RuCl3 structure by scanning tunneling microscopy (STM). 19 Crystals of compositions Ru1−xCrxCl3 with x = 0.11, 0.15 and 0.20
were reported. 19 The positions of the chromium atoms are found to be statistically distributed in the (001) face by means of STM for the Ru0.8Cr0.2Cl3 sample. The single crystal X-ray diffraction (XRD) based characterization was not provided due to low quality of the crystals containing twinning and a considerable amount of stacking faults. Up to date, the electronic and magnetic properties as well as bulk crystal structure of Ru1−xCrxCl3 are not investigated. Due to the close structural proximity to α-RuCl3, the regular MCl6 environment is preserved, but in contrast to α-RuCl3, CrCl3 represents a material with predominant Heisenberg interactions. CrCl3 undergoes magnetic ordering below at TN = 17 K and recent reports indicate a two-step ordering process 20 .
Neutron diffraction investigations at 4.2 K 21 revealed that the magnetic moments lie in the honeycomb (001) plane with adjacent ferromagnetic layers being aligned in an antiparallel way.
Thus, 3d 3 Cr 3+ is expected to be a magnetic impurity in the Jeff = 1/2 Ru 3+ sublattice and may be regarded as a first experimental system representing 3d magnetic impurities coupled to a Kitaev Heisenberg magnet.
Here we report the synthesis of the full substitution series Ru1−xCrxCl3 (0 ≤x ≤ 1) as well as crystal growth, structure determination and electron microscopy investigations at the atomic level of samples with x = 0.05, 0.1 and 0.5. Finally, the evolution of the magnetic properties in the series is characterized by magnetization measurements.
Experimental
All preparation steps were performed in an argon-filled glovebox with O2 and H2O content less than 0.1 ppm. For the synthesis, pure ruthenium powder (-325 mesh, 99.9% Alfa Aesar) and chromium powder (-100 mesh, 99.5% Aldrich) were filled into a quartz ampoule, together with a sealed silica capillary containing chlorine gas (99.5 % Riedel-de Haën). The chlorine gas was dried prior to use by bubbling through conc. H2SO4 and a CaCl2 column, the ruthenium and chromium powders were used was without further purification. The molar ratio of the starting materials was chosen with a slight excess of chlorine to ensure in-situ formation of RuCl3 and CrCl3 and their chemical transport according to the reactions:
2CrCl3(s) + Cl2(g) → 2CrCl4(g). 22 , 23 ,
24
The starting compositions for different samples are given in Table 1 . After sealing of the reaction ampoule under vacuum, the chlorine-containing capillary inside was broken in order to release the gas. The ampoule was kept in a two-zone furnace with the temperature gradient between 750 °C (source) and 650 °C (sink) for 5 days. It was found that a prolongation of the growth time had little effect on both the number and size of the crystals. A successful growth exhibits few well separated platelike black crystals as displayed in Figure 1 Single crystals intensity data were collected at T = 100(1) K using either, a four-circle diffractometer Supernova (Rigaku-Oxford Diffraction) equipped with a hybrid photon counting detector or an Apex II (Bruker-AXS) with a CCD detector, with graphite-monochromated Mo-Kα radiation (λ = 71.073 pm). Data were corrected for Lorentz and polarization factors, and a multiscan absorption correction was applied. 25 , 26 The crystal structures were refinement against F o 2 were performed with JANA2006 27 using the site parameters of α-RuCl3 as start model.
The SEM images were collected on a Hitachi SU8020 microscope equipped with a field-emission
gun. An acceleration voltage of 2 kV and a current of 10 µA were used to generate the SEM images in the secondary electron scanning mode. The energy dispersive X-ray spectra (EDX) were collected using an Oxford Silicon Drift X-Max N detector at an acceleration voltage of 10 or 20 kV and with 100 s accumulation time. Tecnai imaging and analysis (TIA) software was used to record images with the digital camera.
High resolution Scanning transmission electron microscopy (HR-STEM) have been performed using FEI Titan 3 80-300 probe and image corrected microscope operated at 300 kV. The convergence semi-angle was set to 21.5 mrad. Fast HR-STEM image series had been acquired and post processed using SmartAlign by HREM Research. 28 For the HR-STEM study, a parallel-sided lamellae was micromachined from the Ru0.91(4)Cr0.10(2)Cl3 crystal perpendicular to its ab-plane using a 30 keV focused ion beam, FIB Crossbeam 1540 XB, Zeiss. At the final stage of specimen preparation, at a thickness of approximately 600 nm, low 120 keV cleaning was carried out using 2 keV FIB milling to reduce the effects of specimen surface damage and Ga implantation. The final lamellae composition was also confirmed by EDX (see Supporting Information, Figure S1 ).
Raman spectra were recorded with a LabRam System 010 (Jobin Yvon) in backscattering mode.
The setup, equipped with a microscope (objectives 10× and 50×) and additional filters for lowfrequency performance, used the He-Ne 633 nm line with 15 mW as excitation source. To prevent radiation-or heat-induced oxidation processes on the crystal surfaces, the laser power was attenuated and crystals were mounted in quartz capillaries under argon. The capillaries were then flame sealed and fixed on a glass slide.
The magnetization was measured using a superconducting quantum interference magnetometer SQUID-5T "Quantum Design" in a temperature range of 2 ≤ T ≤ 300 K at µH = 0.1 and 1 T applied parallel to the ab-plane of a crystal after zero-field cooling.
Results and Discussion
Ru1−xCrxCl3 crystals exhibit a platelike morphology with flat, shiny, black surface as visible from Figure 1a ; crystals with chromium content higher that x ≥ 0.8 are dark brown, pure CrCl3 is purple.
The typical SEM micrographs of a single crystal are presented in Figure 1 Very recently the thermodynamics of α-RuCl3 crystal growth was modelled by CalPhaD method 34 with a focus to production of the α-RuCl3 nanosheets with a thickness of about 20 -200 nm.
With respect to the calculation results 34 , the transport of α-RuCl3 is possible without any additional transport agent. Our experiments confirm that more compositionally complex Ru1−xCrxCl3 phases can be also deposited from a vapor phase without changes in their composition even in the absence of Cl2 transport agent.
X-ray diffraction
X-ray powder diagrams indicated phase pure products for the complete series Ru1−xCrxCl3; no peak splitting was observed which might point towards structural changes or phase separation. To investigate the trend of the lattice parameters in the Ru1−xCrxCl3 series, we measured X-ray diffraction patterns for all compounds with a Si standard (see Supporting Information, Figure S2 ).
The powder patterns indicate an extremely strong texture, (00L) reflections are dominant compared to other observed diffracted intensities. The patterns were indexed in the monoclinic C2/m unit cell of the binary border phases (α-RuCl3 for samples with x ≤ 0.5 and CrCl3 for samples with x > 0.5) and the lattice parameters were refined by Rietveld analysis. As can be seen from Table 1 and Figure 3 together with the results of the PXRD analysis. It is also worth noticing that X-ray peak intensities, EDX results as well as the physical appearance of crystals remained unchanged after storing the crystals several weeks under ambient conditions, demonstrating stability of the chromium doped samples in air. Single crystal X-ray diffraction patterns were collected for the samples with a nominal x = 0.05, 0.1, 0.2 and 0.5 and the structure refinements were conducted. Unfortunately, no suitable crystals with x > 0.5 could be isolated for structure analysis. only sharp Bragg spots for K = 3n (n: integer) and diffuse rods with a modulated intensity distribution for K = 3n+1 and K = 3n+2. The modulo 3 sequence of the diffuse rods points towards a shift of ±b/3 between stacked honeycomb layers and was called stacking fault of type a in 7 . The same "extinction rules" for the location of diffuse scattering rods has been described as a textbook example for stacking faults of hexagonal closed-packed layers. 37 The modulation of the intensity along these rows (Figure 4c ) indicates partial ordering, however, this is not resolvable at least with the given setup. Reflections in every third row (00L, 03L, 06L, e.g.) are sharp and without diffuse steaks, i.e., these rows are not affected by stacking faults and the structure factors of the respective Bragg reflections are not altered by atomic shifts. These rows see a projected structure which is periodic along the stacking direction with all layers being identical. This, in turn, means it is impossible to probe different Ru/Cr site occupancies (if there were some) in different layers along 001 from X-ray diffraction experiments. On the other hand, the ordering in an individual honeycomb layer can't be resolved either as the scattering experiment averages over several layers.
Moreover, the diffuse scattering -which is omitted during conventional integration of reflection intensities -is taking intensities off the Bragg spots, so that the observed structure factors for these rows are subject to large systematic errors. Depending on the amount of diffuse scattering intensity, this will inevitably lead to poor fits, large discrepancies between Fobs and Fcalc, large residual electron densities and conspicuous displacement parameters. Only crystals of the composition Ru0.5Cr0.5Cl3 were found of a quality comparable to pure α-RuCl3 38,7 , i.e. with a reasonably low amount of diffuse scattering contributions so that a standard refinement procedure was considered. For samples of Ru1−xCrxCl3 no crystals with higher amounts of Cr than x > 0.5 and sufficient quality were found. In order to get reasonable refinements and to make at least some estimates about Cr contents and structure features of the Ru1−xCrxCl3 samples with x = 0.05, 0.1 and 0.2, these data sets were filtered by removing all reflection in rows with diffuse streaks, too. This leads to a drastically decreased number of reflections, but we tried to keep a data/parameter ratio of about 10 to prevent unstable refinements, if necessary by adding restrictions. The results of these refinements are stated in Table 2 , Table 3 listed the changes of interatomic distances and angles with x. As can clearly be seen, the refined Ru/Cr ratios on the 4h site are in line with EDX data and the nominal compositions within analytical limits and the lattice parameters agree with those from powder data.
We therefore assume from the X-ray diffraction data, that Cr 3+ ions substitute Ru 3+ on its lattice site only. The lattice parameters change slightly upon substitution and the substitution increases the propensity for stacking faults noticeably. The local M-Cl coordination geometries reveal only minor change, too, Table 3 . Table 3 . Selected structure data for Ru1−xCrxCl3 with x = 0, 0.05, 0.1, 0,2 0.5 (filtered data) as well as for CrCl3. 
TEM investigations
Since the XRD analysis provides only limited information about the stacking sequence in the crystals, a TEM study has been undertaken using the Ru0.91(4)Cr0.10(2)Cl3 sample. EDX analysis performed on lamellae as well as on several crystallites confirms the composition of the TEM specimen. However, the structure exhibits a diffuse streak along the c-direction in its 110 and 100 zone-axis indicating a strong interlayer stacking disorder revealed also by XRD. It is worth mentioning that stacking faults in pure α-RuCl3 may affect the Heisenberg and asymmetric exchange interactions and may, thus, be a reason of a long-range magnetic ordering at low temperatures 40 , 41 . For α-RuCl3, e.g., specific heat and susceptibility measurements reveal two separate Néel transitions at about 7 and 14 K on moderate-quality single crystals 42 , 43 , 29 , while highest-quality crystals exhibit only the phase transition at the lower temperature. 38 , 44 In the case of the Ru1-xCrxCl3 sample with x = 0.1 the magnetic susceptibility measurements revealed that instead of two Néel transitions only a broad hump is observed near the antiferromagnetic ordering temperature (see 45 and Figure 9 in Magnetic properties measurements part below). We assume that the broadening of the magnetic transitions may reflect the increased disorder along c-axis as compared to pure ABAB-stacked α-RuCl3, as revealed by HR-STEM. Due to sensitivity to the local electronic environment in 2D systems, disorder might have a profound impact that masks the intrinsic magnetic behavior. Thus, the stacking sequence of the layers, as well as small distortions inside each layer are important for the understanding and a consistent description of the physical properties of Ru1-xCrxCl3. 
Raman spectroscopy

Magnetic properties measurements
The temperature dependence of the magnetic susceptibility of Ru1-xCrxCl3 single crystals in applied magnetic fields H || ab is represented in Figure 9 . For the samples with x = 0.1 and 0.5 temperature spin-glass state is observed. Furthermore, upon the series the room temperature magnetic susceptibility increases progressively with increasing Cr content x, which is consistent with the addition of s = 3/2 Cr 3+ moments into the Jeff = ½ Ru 3+ matrix. The low temperature magnetic susceptibility increases over two orders of magnitude from α-RuCl3 to CrCl3, and which is mainly attributed to ferromagnetic interactions between neighboring Cr sites within the honeycomb layers.
A Curie-Weiss fit in the paramagnetic high-temperature region between 200 K and 300 K yields large effective paramagnetic moments μeff = 2.2(2) μB of the Jeff = 1/2 ruthenium ions in α-RuCl3 due to its mixed spin-orbital character 5 , while the effective moment increases towards μeff = 3.5 (3) μB, which is slightly lower than the expected spin-only value μeff = 3.87 μB for the s = 3/2 chromium ions in CrCl3.
In the temperature region below about 10 K, the magnetic susceptibility of α-RuCl3 shows an antiferromagnetic transition into a zigzag order at TN = 7 K and a shoulder around TN = 10 K.
According to previous studies, this indicates a dominant ABC stacking in the sample with a small amount of stacking faults 12 . A splitting between the zero-field cooled and the field-cooled magnetization at low temperatures for x = 0.1 and x = 0.5 suggests that the antiferromagnetic ground state of α-RuCl3 could be changed upon Cr doping either into a canted antiferromagnetic structure or into a spin-glass state. The magnetic susceptibility of CrCl3 then indicates the 3D antiferromagnetic transition at TN = 14 K with a preceding strong increase at slightly higher temperatures indicating the ferromagnetic 2D order within the honeycomb planes at TC ≈ 18 K in good agreement with previous studies 20, 51 . In general, our magnetic measurements confirm there are no impurity phases or phase separations in the Ru1-xCrxCl3 crystals under investigation. 
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